Reaction pathways resulting in uranium bearing solids that are stable (i.e., having limited solubility) under both aerobic and anaerobic conditions will limit dissolved concentrations and migration of this toxin. Here we examine the sorption mechanism and propensity for release of uranium reacted with Fe (hydr)oxides under cyclic oxidizing and reducing conditions. Upon reaction of ferrihydrite with Fe(II) under conditions where aqueous Ca-UO 2 -CO 3 species predominate (3 mM Ca and 3.8 mM CO 3 -total), dissolved uranium concentrations decrease from 0.16 mM to below detection limit (BDL) after 5 to 15 d, depending on the Fe(II) concentration.
Introduction
Uranium mining and enrichment processes have created an inventory of waste. Owing to both ecosystem and human health consequences, understanding reactions controlling uranium's partitioning on solids and the potential for migration is important. A redox active contaminant, uranium has two formal oxidation states. The oxidized state, U(VI), commonly exists as the uranyl ion UO 2
2+
(and associated complexes) in aqueous systems. Under anaerobic conditions, U(VI) may be reduced to U(IV), which subsequently forms the sparingly soluble UO 2 phase, by dissimilatory metal reducing bacteria (DMRB) that couple uranium reduction with the oxidation of organic carbon or H 2 (1-3). In fact, stimulated (through addition of a carbon source) reductive immobilization has been studied and implemented in field-scale contaminated zones as a potential means of uranium remediation (4) (5) (6) (7) (8) . However, the presence of dissolved Ca and carbonate promotes the formation of ternary uranyl-calcium-carbonato complexes (9-12) that diminish both enzymatic and chemical reduction rates (13) (14) (15) . Additional complications associated with U(VI) bio-reduction arise from competing terminal electron acceptors, including nitrate and Fe(III) hydroxides (8, 16, 17) , and the need for a constant supply of electron donor to preserve anaerobic conditions. Possibly most importantly, authigenic UO 2 is subject to reoxidation by common oxidants including molecular oxygen (18-20). 
.
Accordingly, the principal objective of this research is to determine uranium uptake during reductive transformation of iron oxides and to evaluate both the stability and magnitude of incorporation under cyclically varying redox conditions. Uranium(VI) incorporation into mineral phases has the potential to occur readily under geochemical conditions that do not promote U(VI) reduction (i.e. in the presence ternary Ca-UO 2 -CO 3 complexes). These solids may be stable in the presence of oxidants and reductants, rendering this mechanism a potentially viable pathway to sequester appreciable quantities of uranium stable (i.e., having limited solubility) under a variety of environmental settings.
Methods

Uranium(VI) Incorporation Experiments
In order to investigate the stability of U(VI) incorporated into Fe (hydr)oxide structure, we assembled batch systems containing ferrihydrite-coated sand, PIPES buffered distilleddeionized (DDI) water, uranyl acetate, CaCl 2 , KHCO 3 , and varying concentrations of ferrous sulfate (FeSO 4 ). Ferrihydrite was prepared according to the method described by Brooks et al (32) , and then coated quartz sand as reported previously (32, 33 Two different experiments were run in order to investigate both the effect of increased initial reducing period as well as fluctuating redox/aeration conditions on the stability of U(VI)
in Fe (hydr)oxide minerals. In the first study, systems were maintained under anoxic conditions for 5, 14, 30, or 90 d (anoxic phase) before being aerated for 5 d (oxic phase). In the second experiment, systems were kept anoxic for 14 d before being aerated for 5 d; this process was then repeated for 2 additional cycles so that systems went through a total of three redox cycles; during the first oxic period, total carbonate was also allowed to decrease upon aeration reflecting typical changes upon an anaerobic to aerobic transition. Reaction vessels were aerated by removing rubber stoppers and continuously pumping air into solution through a manifold while the vessels remained stationary on a benchtop. Aqueous and solid-phase samples were collected at the end of each anoxic and oxic phase. Reducing conditions were re-established by purging systems with N 2 gas for ~ 3 h, sealing vials, moving systems to the glovebag, and adding additional Fe(II).
Aqueous and Solid Analyses
Aqueous samples were withdrawn using sterile syringes and filtered through 0.2 μm membranes, and analyzed by ICP-OES spectrophotometry (ICP-OES Uranium and iron X-ray absorption spectra (XAS) were collected on beamline 11-2 at the Stanford Synchrotron Radiation Laboratory (SSRL). Samples were deposited on membranes and sealed with Kapton polyimide film in order to prevent oxidation. Details on anoxic sample preparation are provided in the Supporting Information. Extended X-ray fine structure (EXAFS) and X-ray absorption near edge structure (XANES) spectral scans were averaged and pre-and post-edge subtracted using SixPACK (34) . Linear combination fitting was also performed using SixPACK (34) . For iron, a set of reference standards was used to perform linear combination k 
Results
Aqueous Phase
Uranium (aq) concentration decreases upon reaction of Fe(II) (3 or 10 mM) with ferrihydrite during anoxic periods persisting for up to 90 d ( Figure 1 ); under these reaction conditions (4 mM Ca and 3.8 mM total-CO 3 ) the ternary Ca-UO 2 -CO 3 complexes comprise >99 % of total dissolved U(VI) (35, 36) . In systems with 3 mM Fe(II), U (aq) decreases from 0.16 mM 
Solid Phase Levels
Following treatment with 30 mM KHCO 3 to remove adsorbed U(VI) from mineral surfaces, solid-phase uranium in systems containing U(VI) and ferrihydrite reacted with 3 and 10 mM 
Chemical and Structural State
Uranium X-ray absorption near edge structure (XANES) spectra from solid samples reveal differences depending on Fe(II) concentration, initial reducing time, and number of redox cycles ( Figure S5 , Supporting Information). Uranium L III edge position increases from 17,172.5 eV to 17,176 eV between U(IV) and U(VI) standards, while edge position for samples ranges 9
between 17,174.1 eV for solid-phase U in the 10 mM Fe(II)-reacted system following 90 d reducing phase, to 17,176 eV for U without Fe(II) following 5 d reducing phase (Table 1) .
Uranium L III edges occur at lower energy values in solids collected after reducing phases than in solids following aeration for 3 and 10 mM Fe(II)-reacted systems. Additionally, the edge position shifted progressively to lower energies as the initial reducing time increases within samples from 10 mM Fe(II)-reacted, suggesting the formation of U(IV) after extended reaction times ( Figure S5 , Supporting Information).
Iron Solid Phase
Changes in solid phase color (not shown) and morphological characteristics ( In cyclic anoxic-oxic experiments, a decrease in U (aq) observed in the no Fe(II) systems, (Table 1) . Indeed, the presence of discrete phasesof UO 2 and magnetite are confirmed by TEM analysis for 10 mM Fe(II) reacted with U(VI)- 
Implication for U(VI) stability in the presence of Fe(hydr)oxides
In systems where 3 mM Fe(II) is reacted with ferrihydrite in the presence of ternary Ca-UO 2 -CO 3 complexes, U(VI) (or possibly even a U(V)) is incorporated into Fe(III) (hydr)oxide structure during reductive transformations, where it remains stable upon oxidation ( Figure 5 ).
By contrast, increasing Fe(II) concentration to 10 mM causes U(VI) initially adsorbed to the surface of ferrihydrite to become both incorporated into Fe(II/III) (hydr)oxide structure and reduced to U(IV) with subsequent precipitation of UO 2(s) . These solids appear to be less stable in the presence of oxygen, resulting in dissolution of UO 2(s) suggests it may be a means of natural uranium attenuation.
SUPPORTING INFORMATION AVAILABLE
Details of U EXAFS analysis and fitting parameters (Table S1 ), uranyl speciation (Table S2) , solid phase surface areas (Table S3) , solid phase uranium concentrations ( Figure S4 ) and oxidation states ( Figure S5 ), and solid phase speciation of iron oxides ( Figure S6 ) are provided. 
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Anoxic Sample Preparation Details
Anoxic samples were mounted on filter paper, enclosed in two layers of Kapton tape and placed in an anoxic box inside a glovebag before being transported to the synchrotron facility. Upon arrival, samples were placed back in a glovebag and removed one at a time for
analysis. Monitoring of a U(IV) standard (prepared and treated in the same manner) showed that the edge position remained constant over a ~5-6 h scanning period, indicating no oxidation during data acquisition. Additionally, we have tested this procedure with various oxygensensitive compounds and found the protocol to preserve the oxidation state of the constituents.
Uranium EXAFS Fitting Details
Uranium EXAFS scans were averaged, pre-and post-edge subtracted, and normalized using Athena (1-3). Chi functions were extracted using the auto-background routine with a threshold value of 1.4 to 1.6. Shell-by-shell fitting was performed in SixPACK (4) using phase and amplitude parameters calculated by Feff7. The physical model of uranium in these systems is comprised of three components: uranium is i) adsorbed to Fe(hydr)oxide surfaces, ii) incorporated into Fe(hyrd)oxide structure, and iii) reduced to U(IV) as a discrete phase. From these three physical scenarios, four crystallographic models were constructed. The first describes adsorption, two describe incorporation in two slightly different crystal orientations, and the fourth describes reduced uranium as UO 2 . These fitting models were compared to the data and were found to provide satisfactory fits. Single and multiple scattering paths included in the four models, along with the mathematical constraints placed on the coordination numbers (CN) and Debye Waller factors ( 2 ), are presented in Table S1 (Table S1 , Supporting Information). The CNs were constrained to ideal values based on either known crystal structures (3, 5) or previously published models (1,6-9). The  2 s were grouped roughly by distance from the central atom and identity of the scattering atom. Constraining the CNs and Synchrotron-based XRD data were collected at SSRL on beamline 11-3 and calibrated with lanthanum hexaboride. Fit2D and Jade were used to process XRD data. Scanning electron microscopy (SEM) images were collected at 15, 000 and 35,000x magnification on an 
